H ypoxia-inducible factor 1 (HIF-1) is the key transcription factor for the regulation of oxygen homoeostasis in all metazoan species (1) . HIF-1 plays important roles not only in glycolysis, erythropoiesis, and angiogenesis but also in inflammation and immune response (2) (3) (4) . HIF-1 is a heterodimer, consisting of constitutively expressed ␣ and ␤ subunits, is regulated mainly posttranscriptionally, and is rapidly degraded under normoxic conditions. Protein stability is regulated by oxygen-dependent hydroxylation of two proline residues (Pro402 and Pro564) in the oxygen-dependent degradation domain (ODD) of the ␣ subunit, catalyzed by iron-and oxygen-dependent prolyl hydroxylases (PHDs). Hydroxylation events target the ␣ subunit for ubiquitination by the von Hippel-Lindau protein and subsequent proteasomal degradation (5) . Under hypoxia and iron deprivation, PHDs are less active, resulting in the stabilization of HIF-1␣, heterodimer formation, and the subsequent activation of HIF-1-responsive genes by the binding of HIF-1 to hypoxia-responsive elements in their promoter regions (5, 6) .
Recently, bacterial also infections have turned out to be potent stimuli for HIF-1 activation (7), and remarkably, HIF-1 activation seems to be a general phenomenon upon infection (8) . HIF-1 activation has been shown in infections with bacteria such as Staphylococcus aureus, Escherichia coli, Streptococcus agalactiae, Pseudomonas aeruginosa, Bartonella henselae, Yersinia enterocolitica, and Chlamydophila pneumoniae. This HIF-1 activation seems to be induced by several overlapping mechanisms, including enhanced oxygen consumption at the site of infection, iron deprivation, and some bacterial components (e.g., outer membrane proteins, such as Bartonella adhesin A or lipopolysaccharides [LPS] from E. coli) (8) (9) (10) (11) (12) . HIF-1 has a protective function in local infections; it is essential for the bactericidal capacity of phagocytes and controls the systemic spread of bacteria (13, 14) .
In contrast, HIF-1 activation seems to be disadvantageous in systemic infections, leading to higher mortality in, e.g., LPS sepsis and S. aureus peritonitis models (8, 15) .
S. aureus is one of the most important human pathogens, causing life-threatening infections such as endocarditis or sepsis. A characteristic feature of S. aureus infections is the formation of abscesses (16) . After entering the bloodstream (e.g., after a wound infection), S. aureus disseminates to organ tissues, where it elicits massive infiltration of polymorphonuclear leukocytes and other immune cells (17) . During abscess maturation, a central accumulation of the pathogen is surrounded by a pseudocapsule of fibrin deposits, zones of necrotic and healthy polymorphonuclear neutrophils, and a rim of eosinophilic material consisting of collagens and fibroblasts (17) (18) (19) (20) . Finally, an abscess rupture can lead to novel dissemination of S. aureus via the bloodstream. Abscess formation is regarded as an important virulence strategy, and bacterial factors contributing to abscess formation have been shown to be crucial for S. aureus infection (17) . Accordingly, therapeutic strategies interfering with abscess formation may become instrumental in combating staphylococcal diseases.
Lysyl oxidase (LOX) is a copper-dependent amine oxidase that catalyzes the final enzymatic step required for the cross-linking of collagen and elastin molecules in the extracellular matrix. Its expression has been shown to be regulated via HIF-1 (21) . LOX is secreted from cells as an inactive proenzyme into the extracellular space, where it is cleaved to the mature, active LOX enzyme (22) . LOX plays a leading role in metastatic niche formation in breast cancer (21) and enhances the motility of monocytes, vascular smooth muscle cells, and fibroblasts in vitro (23) (24) (25) . Some evidence suggests that LOX may influence granulomatous and fibrotic infectious diseases: enhanced Lox expression has been detected in murine Schistosoma mansoni and Echinococcus multilocularis infections (26, 27) , and increased LOX expression is also present in infected septic periprosthetic membranes (28) . However, none of these studies were aimed at elucidating the biological function of LOX in the course of an infection.
Here we analyzed genes regulated by HIF-1 upon S. aureus infection. By the use of transcriptome analysis, we found 24 genes regulated by HIF-1 in S. aureus infections; of these, LOX was chosen to be analyzed in more detail. Our data revealed that HIF-1-dependent LOX induction is detectable in cell culture infection models and is also present in murine S. aureus-induced kidney abscesses and in human infections with S. aureus. Inhibition of LOX with the specific LOX inhibitor ␤-aminopropionitrile (BAPN) resulted in significantly reduced kidney abscess formation and less abscess collagenization.
MATERIALS AND METHODS
S. aureus growth conditions. For in vitro experiments, S. aureus 8325-4 (29), a well-characterized, standard laboratory strain (8, 30, 31) , was grown overnight in Luria-Bertani (LB) medium (Roth, Karlsruhe, Germany) with shaking at 37°C and was extensively washed in phosphatebuffered saline (PBS; Gibco, Karlsruhe, Germany), and bacterial numbers were determined by measuring the optical density at 600 nm (OD 600 ) (an OD 600 of 1.0 is equal to ϳ3 ϫ 10 8 bacteria/ml). For in vivo experiments, S. aureus 8325-4 was additionally subcultured by inoculating fresh BM medium (1% tryptone, 0.5% yeast extract, 0.5% NaCl, 0.1% K 2 HPO 4 , and 0.1% glucose) and allowing subsequent growth for 4 to 5 h so as to harvest bacteria in the exponential-growth phase. For control purposes, bacterial numbers were additionally determined by subcultivation of serial dilutions on BM agar plates (data not shown).
Cell culture and infection procedures for HepG2 cells and human keratinocytes. HepG2 hepatocellular control cells (transfected with a control vector harboring a nonspecific nontarget sequence; referred to below as HepG2 cells) and HIF-1␣ Ϫ/Ϫ cells (32) were grown in minimal essential medium (Sigma-Aldrich, Taufkirchen, Germany) supplemented with 10% heat-inactivated fetal calf serum (FCS; Sigma-Aldrich), 2 mM L-glutamine (Gibco, Karlsruhe, Germany), 100 U/ml penicillin and 100 g/ml streptomycin (Biochrom, Berlin, Germany), 0.1 mM nonessential amino acids, and 2 g/ml puromycin dihydrochloride (Sigma-Aldrich). Normal human epidermal keratinocytes (NHEKs; PromoCell, Heidelberg, Germany) were grown in supplemented keratinocyte growth medium 2 (PromoCell) in the presence of 10 mg/ml streptomycin and 100 U penicillin. Cells were kept at 37°C under a humidified atmosphere with 5% CO 2 .
For infection experiments, cells were detached with 0.05% trypsin-EDTA (Gibco), which was neutralized by the addition of trypsin neutralizing solution (PromoCell) (for NHEKs) or by the addition of a medium containing FCS (for HepG2 cells). Cells were seeded the day before infection, and experiments were performed in cell culture medium without antibiotics (to allow bacterial growth) and without FCS (to avoid nonspecific HIF-1 activation). For protein extraction and RNA isolation, cells (1 ϫ 10 6 HepG2 cells or 5.0 ϫ 10 5 NHEKs; each cultivated in 6-well plates) were infected with S. aureus at a multiplicity of infection (MOI) of 20 for 4 h. Uninfected cells were used as negative controls, and desferriox- Detection of HIF-1 activation. For the detection of HIF-1 activation by immunoblotting, proteins from cell cultures were extracted as described (8) , separated by 8% SDS-PAGE, and blotted onto polyvinylidene difluoride (PVDF) membranes (Millipore, Schwalbach, Germany). Mouse anti-human HIF-1␣ antibodies (Becton Dickinson, Heidelberg, Germany) were used as primary antibodies, and horseradish peroxidase (HRP)-conjugated rabbit anti-mouse IgG antibodies (Dako, Hamburg, Germany) were used as secondary antibodies. Signals were visualized with the enhanced chemiluminescence (ECL) reagent (PJK, Kleinblittersdorf, Germany). As a loading control, mouse actin-specific antibodies (SigmaAldrich) were used (8) .
Quantification of secreted LOX. LOX concentrations from 100 l of cell culture supernatants were measured by enzyme-linked immunosorbent assays (ELISA; USCN, Wuhan, China) according to the manufacturer's instructions. Plates were read on an ELISA reader (Tecan, Crailsheim, Germany) at 450 nm, and concentrations were calculated using Magellan software (version 6.0; Magellan Software GmbH, Dortmund, Germany).
RNA isolation, reverse transcription of mRNA, and PCR. Total RNA was isolated from control and infected human cells or cell lines with the RNeasy or the miRNeasy minikit (Qiagen, Hilden, Germany). Contaminating DNA was removed from RNA preparations by using the Turbo DNA-free kit (Applied Biosystems, Darmstadt, Germany) or the RNasefree DNase kit (Qiagen). Reverse transcription was carried out using SuperScript III reverse transcriptase (Invitrogen, Karlsruhe, Germany), RNaseOUT recombinant RNase inhibitor (Invitrogen), oligo(dT) 18 mRNA primers (New England Biolabs, Frankfurt am Main, Germany) and nucleotides (10 mmol/liter deoxynucleoside triphosphate [dNTP] mixture; Fermentas, St. Leon-Rot, Germany). In cell culture experiments, the expression of the genes encoding HIF-1␣, vascular endothelial growth factor A (VEGFA), LOX, ␤-2 microglobulin (B2M), prolyl hydroxylase 3 (PHD3), hexokinase 2 (HK2), 6-phosphofructo-2-kinase 3 (PFKFB3), and the Tet oncogene 1 protein (TET1) was analyzed using a TaqMan 7900HT Fast real-time PCR system (Applied Biosystems, Darmstadt, Germany) and the LightCycler 480 master mix (Roche, Mannheim, Germany). Primers for HIF-1␣, VEGF, LOX, B2M, and PHD3 were obtained from Search LC (Heidelberg, Germany). The following primers were used for quantitative PCR of HK2, PFKFB3, and TET1: HK2f (5=-GTG GCT GTG GTG AAT GAC AC-3=) and HK2r (5=-ACA TCC CGC TGA TCA TCT TC-3=), PFKFB3f (5=-CTT GTC GCT GAT CAA GGT GA-3=) and PFKFB3r ((5=-TTC TGC TCC TCC ACG AAC TT-3=), and TET1f (5=-CTG CTT CAG CCA CAC CAG CTC-3=) and TET1r (5=-GGC TGA TGA GGC GTT AGC GGC-3=) (Metabion, Matrinsried, Germany), respectively. HIF-1␣, VEGF, LOX, B2M, and PHD3 were amplified as follows: initial denaturation (10 min at 95°C) was followed by 35 cycles of denaturation (10 s at 95°C), primer annealing (10 s at 68°C), and elongation (16 s at 72°C), with subsequent melting-curve analysis. For the amplification of HK2, PFKFB3, and TET1, the annealing temperature was 64°C and the elongation time was 25 s.
For the isolation of total RNA from murine kidneys, PeqGold RNAPure buffer (PeqLab, Erlangen, Germany) was used, followed by phenolchloroform extraction. Samples were further processed as described above. To analyze Lox gene expression in vivo, murine Lox and hypoxanthine phosphoribosyltransferase (Hprt) primers and probes (Applied Biosystems) and the TaqMan Universal master mix (Applied Biosystems) were used. Lox and Hprt were amplified as follows: initial incubation for 2 min at 50°C, initial denaturation for 10 min at 95°C, and 40 cycles of amplification (denaturation for 15 s at 95°C; annealing and amplification for 1 min at 60°C).
The relative gene expression was calculated using the 2 Ϫ⌬⌬CT method (33 Ϫ/Ϫ and HepG2 cells were analyzed, and total RNA was extracted as described above. RNA quality was evaluated on an Agilent 2100 Bioanalyzer with RNA integrity numbers (RIN) ranging from 7.1 to 10. Double-stranded cDNA was synthesized from 100 ng of total RNA and was subsequently linearly amplified and biotinylated by using the GeneChip WT cDNA synthesis and amplification kit (Affymetrix, Santa Clara, CA) according to the manufacturer's instructions. Fifteen micrograms of labeled and fragmented cDNA was hybridized to GeneChip Human Gene 1.0 ST arrays (Affymetrix). After hybridization, the arrays were washed and stained in a Fluidics Station 450 (Affymetrix) with the recommended washing procedure. Biotinylated cDNA bound to target molecules was detected with streptavidin-coupled phycoerythrin, followed by biotinylated anti-streptavidin IgG antibodies, and then streptavidin-coupled phycoerythrin again, according to the protocol described previously (34) . Arrays were scanned using the GCS 3000 GeneChip scanner (Affymetrix) and AGCC 3.0 software. Scanned images were inspected visually to check for hybridization artifacts and proper grid alignment and were analyzed with Expression Console 1.0 (Affymetrix) to generate report files for quality control. Raw data were normalized with GeneSpring software, version 9.3, by applying an RMA (robust multiarray average) algorithm. Significance was calculated using a t test without multiple testing correction (GeneSpring), by selecting all transcripts with a minimum expression level change of 1.5-fold together with a P value of Ͻ0.05. In the evaluation of the total number of regulated genes, empty and double annotations were deleted for further analysis.
Intravenous infection of mice with S. aureus. Mouse infection experiments were carried out in accordance with the animal experiment proposal (H2/06 and H1/12; Regierungspräsidium Tübingen, Tübingen, Germany). Female NMRI mice (weight, 33 to 35 g) were infected intravenously (i.v.) with S. aureus 8325-4 resuspended in 200 l PBS (ϳ1.15 ϫ 10 7 bacteria/mouse). The inoculum was verified by plating serial dilutions. Control mice were injected with the same volume of sterile PBS.
Five to 7 days postinfection (p.i.), mice were euthanized. Kidneys either were fixed in 5% buffered formalin (Roth) for histological staining or were frozen in PeqGold RNAPure buffer (PeqLab) in liquid nitrogen for RNA isolation. For analysis of bacterial loads, the weight of the kidneys was determined. Organs were homogenized in ice-cold PBS by using a mesh, and serial dilutions were plated in duplicate on BM agar plates. S. aureus numbers in circulating blood were determined by puncture of the right heart ventricle 5 days after infection. Coagulation of blood was inhibited by heparin, and bacterial loads were determined by counting CFU on BM agar in serial dilutions.
In some experiments, mice were infected with S. aureus and were simultaneously treated with the LOX inhibitor ␤-aminopropionitrile (BAPN; Sigma-Aldrich). BAPN was injected intraperitoneally (i.p.; 150 mg/kg of body weight in 200 l PBS) daily, starting 1 day before infection, and the dosage was chosen according to previously published reports (21, 35, 36) . Infected control mice were treated with sterile PBS (200 l i.p.).
Selection of human abscess samples. Formalin-fixed, paraffin-embedded diagnostic skin biopsy specimens were kindly provided by Amir Yazdi (Department of Dermatology, University of Tübingen, Tübingen, Germany). Samples were chosen according to the histological diagnosis "abscess." To further ensure the presence of an S. aureus infection, deparaffinized tissue samples were subjected to S. aureus-specific real-time PCR as described previously (37) . For this purpose, the following primers and probes for qualitative PCR of the S. aureus-specific Sa442 gene were used: primer Sa442 f (GTC GGG TAC ACG ATA TTC TTC ACG), primer Sa442 r (CTC TCG TAT GAC CAG CTT CGG TAC), probe Sa442 HP1 (TAC TGA AAT CTC ATT ACG TTG CAT CGG AA), and probe Sa442 HP2 (LC Red 705-ATT GTG TTC TGT ATG TAA AAG CCG TCT TG). PCR conditions were as follows: initial denaturation for 10 min at 95°C, followed by 50 cycles of amplification (denaturation for 10 s at 95°C; primer and probe annealing for 10 s at 50°C; elongation for 20 s at 72°C). This analysis was done in the diagnostic laboratories of the Institute of Medical Microbiology and Infection Control (Frankfurt am Main, Germany) under strict quality control conditions (DIN ISO 15189:2007; laboratory certificate, 13102-01-00). Only samples with the histological diagnosis "abscess" and the molecular detection of S. aureus were included in histological studies.
Histology and LOX IHC of patient and murine samples. For murine kidney and human skin samples, serial sections were processed by LOX immunohistochemistry (IHC) (see below) and hematoxylin-eosin (H&E) or Masson's trichrome staining according to standard protocols. Tissue sections (2 m) were deparaffinized and dehydrated by two successive 5-min treatments with xylene, followed by one 5-min treatment each with 100%, 95%, 80%, and 75% ethanol, deionized water, and PBS. Antigen was retrieved by microwave heat treatment of slides in 10 mM citric acid buffer (pH 6.0). Slides were allowed to cool and were washed with PBS for 5 min. Sections were treated with 3% hydrogen peroxide in methanol for 30 min, followed by two 5-min washing steps (PBS) and blocking in 10% normal goat serum for 30 min at room temperature. Slides were again washed twice with PBS (5 min each time). Sections were stained either with nonimmune rabbit IgG (10 g/ml) as a negative control or with an affinity-purified rabbit anti-rat lysyl oxidase antibody raised against amino acid residues 78 to 115 contained in the unique lysyl oxidase proregion (38) and were visualized with immunoperoxidase-based technology by using the anti-rabbit Elite VectaStain kit (Vector Laboratories, Burlingame, CA) according to the manufacturer's instructions. Corresponding sections were counterstained with hematoxylin-eosin by using standard laboratory procedures.
Microscopy. LOX and H&E staining patterns were evaluated using an AxioImager M2 microscope (Zeiss, Jena, Germany). Pictures were taken with a Spot camera system (Visitron, Puchheim, Germany) using Spot Advanced software, version 4.7. To avoid observer-specific bias, abscess morphology was classified by sorting abscesses into three different morphologies: (i) well-defined (abscess formation with clear abscess borders), (ii) diffuse (massive infiltration of granulocytes in the surrounding tissue without a clear abscess border), and (iii) intermediate. Microscopic evaluation was carried out by two independent researchers. Statistical analysis. All experiments were repeated (except for triplicate transcriptome analysis) and revealed comparable results. For statistical analysis, the unpaired, two-tailed Student t test was used. A P value of Ͻ0.05 was considered statistically significant.
Microarray data accession number. The results of the transcriptome analysis have been deposited in Gene Expression Omnibus (http://www .ncbi.nlm.nih.gov/geo/) under accession number GSE44943.
RESULTS

S. aureus infection activates HIF-1 and causes HIF-1-dependent gene programming.
To detect the host cell genes that are regulated via HIF-1 in the course of an S. aureus infection, we first analyzed the transcriptome profile of epithelial cells upon infection. For this purpose, HepG2 HIF-1␣ Ϫ/Ϫ cells and HepG2 cells, which were generated previously (32), were infected for 4 h, and HIF-1 activation was determined using HIF-1␣-specific immunoblotting. The data revealed strong activation of HIF-1 in HepG2 but not in HepG2 HIF-1␣ Ϫ/Ϫ cells at this time point of infection ( Fig. 1) , indicating that HepG2 cells are suitable for further analysis of HIF-1-regulated gene programming.
To screen for HIF-1-regulated genes, the transcriptomes of S. aureus-infected HepG2 HIF-1␣ Ϫ/Ϫ cells and HepG2 control cells were determined using an Affymetrix microarray-based approach. For this purpose, total RNAs from three independent samples each of uninfected or infected HepG2 or HIF-1␣
Ϫ/Ϫ cells were prepared, transcribed to cDNA, cRNA, and biotinylated cDNA using random hexamer primers, and hybridized to Affymetrix ST 1.0 microarrays. Signals were analyzed with Affymetrix Expression Console, version 1.0, and differentially expressed transcripts were defined by t tests based on GeneSpring, version 9.3.
This transcriptome analysis revealed that in HepG2 cells, a total of 190 genes were regulated 4 h after infection (Fig. 2) , and 24 of these genes turned out to be regulated via HIF-1 ( Table 1 ). The expression of 21 of these genes was increased in infected HepG2 control cells over that in HIF-1␣ Ϫ/Ϫ cells, whereas 3 genes appeared to be downregulated. For the majority (n ϭ 20) of these genes, HIF-1-dependent gene regulation has been described previously (the exceptions are TET1, FUT11, TUBB1, and KRT18P49) ( Table 1) . Most of the functions of these upregulated genes, such as maintaining glucose metabolism and cell energy homoeostasis (e.g., HK2 and PHD3), have been described. Furthermore, the tumor growth-relevant genes VEGF and LOX were also expressed in a HIF-1-dependent manner.
To confirm the data of the microarray analysis, HIF-1-dependent regulation of various selected genes (VEGF, LOX, TET1, PHD3, HK2, PFKFB3) was analyzed by using conventional realtime PCRs. According to the gene array data, the expression of all genes analyzed was upregulated upon infection in HepG2 control cells but not in HIF-1␣ Ϫ/Ϫ cells (2.7-fold for LOX, 2.7-fold for VEGF, 3.4-fold for HK2, 2.1-fold for PFKFB3, 2.0-fold for TET1, and 11.0-fold for PHD3). As expected, the transcription of the HIF-1␣ gene itself was not regulated upon infection (since HIF-1 is known to be predominantly posttranslationally regulated [1] ), but HIF-1␣ gene transcription was highly suppressed (10.0-fold) in HepG2 HIF-1␣
Ϫ/Ϫ cells relative to that in control HepG2 cells (Fig. 3) .
LOX expression is strongly upregulated in S. aureus infection models in vitro. LOX turned out to represent one of the HIF-1-regulated genes in S. aureus infections (see above). LOX encodes the enzyme lysyl oxidase, a copper-dependent amine oxidase that catalyzes the final enzymatic step required for the crosslinking of collagen and elastin molecules in the extracellular matrix (22) . Currently, nothing is known about the function of LOX in bacterial infections. Since tissue remodelling occurs during S. aureus infections (e.g., abscess formation), and LOX might possibly be involved in this process, the role of LOX in S. aureus infections was analyzed in greater detail.
First, to exclude cell line-specific and artificial results, we analyzed whether the increased LOX gene transcription in S. aureus infections occurs in cells other than HepG2 cells. For this purpose, primary human keratinocytes were infected with S. aureus, and LOX expression was determined by real-time PCR. The data revealed that LOX expression was 5.6-fold increased 4 h after infec- Table 1 ). Cluster analysis for selected probe sets was performed using R2.15.1 software. Signal intensities were scaled and centered, and the distance between two expression profiles was calculated using the Manhattan distance measure. Hierarchical cluster analysis was performed with average linkages. Heat maps were generated with geneplotter in the Bioconductor package. tion (Fig. 4A) , thus confirming our results in HepG2 cells (see above). Moreover, to verify that increased LOX gene expression is also followed by increased LOX protein synthesis, LOX secreted from supernatants of S. aureus-infected and uninfected HepG2 cells was quantified by a LOX-specific ELISA. Here, a 12.7-fold increase in the concentration of secreted LOX was detectable (Fig.  4B) . Both results clearly demonstrate that LOX transcription is a general phenomenon upon infection of epithelial cells with S. aureus and that mature LOX protein is present in the supernatants of infected cells. LOX expression is strongly upregulated in S. aureus infections in vivo. Next, we analyzed whether LOX expression is increased not only in vitro in cell culture infection models but also in vivo. For this purpose, Lox gene transcription and LOX expression in kidneys containing abscesses due to S. aureus were analyzed using a murine S. aureus infection model. In this model, mice are infected intravenously with a sublethal number of bacteria and develop kidney abscesses 4 to 6 days after infection (8) . Such abscesses were also detectable in our experiments (data not shown).
Lox transcripts in kidneys positive for S. aureus abscesses were quantified using Lox real-time PCR analysis (Fig. 5A) . Lox expression was strongly enhanced in total-kidney tissue samples of infected mice (ϳ16.8-fold) over that for uninfected control mice. Moreover, a significant quantity of murine kidney abscesses due to S. aureus stained positive for LOX by use of immunohistochemistry (IHC). In these experiments, sequential sets of hematoxylin-eosin-stained slides (used in the first step to detect abscesses) and LOX-IHC-stained slides were evaluated in parallel. S. aureus- infected mice reliably developed abscesses 5 to 7 days after infection, which were of typical morphology in hematoxylin-eosin staining (Fig. 5B) . LOX-positive cells were detected in kidney abscesses, especially at the abscess borders ( Fig. 5C and D) . Internal IgG subtype staining controls remained negative (data not shown), underlining the specificity of this IHC staining.
To transfer these results from murine infection models to human infections, we applied LOX IHC to samples of human abscesses due to S. aureus. Histopathologically diagnosed abscesses in skin samples were selected and subjected to S. aureus-specific real-time PCR analysis. Strong LOX staining was detected in biopsy specimens of human abscesses due to S. aureus (n ϭ 3) in the area of the abscess, whereas healthy, unaffected tissues from the same patient or tissues from healthy individuals (n ϭ 3) remained negative throughout LOX staining (Fig. 6) .
Taken together, mRNA transcript and protein levels were increased in murine kidney abscesses due to S. aureus and in human tissue samples from infected skin, demonstrating conclusively that LOX is expressed both in vitro (human cell culture infection models) and in vivo (murine S. aureus abscess-forming infection models; human skin infections).
Inhibition of LOX by BAPN affects the formation of abscesses due to S. aureus. Since LOX expression appeared to be increased during the formation of abscesses due to S. aureus, we examined the biological role of LOX during this process. For this purpose, BAPN was used to modify the course of an intravenous S. aureus infection. BAPN is a well-recognized inhibitor of LOX activity (35) ; the oxidized intermediate of BAPN is covalently bound to the active site of LOX and inhibits its enzymatic activity (39) .
FIG 4 Induction of LOX upon S. aureus infection. (A) LOX expression in
NHEKs upon S. aureus infection. NHEKs were infected with S. aureus (MOI, 20) for 4 h; total RNA was isolated and was transcribed to cDNA; and the relative expression of the LOX gene was determined using real-time PCR analysis. Expression was calculated relative to that in uninfected control cells (triplicates). The ␤-2-microglobulin gene (B2M) was used for normalization. Asterisks indicate significant differences from control cells (P Ͻ 0.01). (B) LOX secretion from S. aureus-infected HepG2 cells (MOI, 0.01). Supernatants were taken 16 h after infection and were analyzed by LOX-ELISA (triplicates). Asterisks indicate significant differences from control cells (P Ͻ 0.01). First, antimicrobial side effects of BAPN were excluded by in vitro testing of the compound. Clearly, even at concentrations higher than those used in the subsequent in vivo infection models, BAPN did not affect the growth of S. aureus (data not shown). Intravenous infection experiments were performed as described above in the presence of the LOX inhibitor BAPN, which was administered daily by intraperitoneal injection starting the day before infection. Infected control mice were injected with PBS. Data on the survival of mice, bacterial clearance in the kidneys, and abscess morphology were collected. First, the experiments demonstrated that the LOX inhibitor BAPN did not influence the course of S. aureus infection, since treatment with BAPN had no effect on the survival rate (100% survival after 5 days of infection for both PBS-and BAPN-treated mice). Second, bacterial loads were analyzed by determining bacterial CFU in the kidneys and blood of BAPN-treated and control mice. The CFU counts for PBS-and BAPN-treated mice did not differ (5.77 versus 5.58 log 10 CFU in the kidneys and 0.14 versus 0.64 log 10 CFU in the blood); thus, no effect on bacterial clearance was observed within the first 5 days after infection (data not shown).
Finally, to analyze the influence of BAPN on abscess morphology, hematoxylin-eosin-stained kidney sections were analyzed microscopically, and the percentages of abscesses with the following three morphologies were determined by microscopy: (i) welldefined, round, with clear borders, (ii) intermediate, and (iii) diffuse, without clear borders. By this classification, well-defined abscesses were characterized by a local accumulation of immune cells and a clearly defined abscess border, diffuse abscesses by massive infiltration of immune cells into the surrounding tissue without a clear abscess border, and intermediate abscesses by a phenotype in between. Representative examples of these abscess phenotypes are depicted in Fig. 7A . The data revealed that all three abscess morphologies were present in both PBS-and BAPNtreated mice. However, PBS-treated mice more frequently showed well-defined abscesses (55.1% Ϯ 30.5%) and only a minor proportion of diffuse abscesses (1.7% Ϯ 3.9%). In contrast, the ab- scesses of BAPN-treated mice appeared more diffuse than those of PBS-treated mice. In BAPN-treated mice, the incidence of diffuse abscesses was significantly greater (12.7% Ϯ 11.4%) and the percentage of well-defined abscesses was smaller (33.4% Ϯ 20.4%). When the kidneys of control mice were analyzed, abscess borders appeared to be stained blue in Masson's trichrome staining, indicating collagen deposition, whereas this phenomenon was much less detectable in mice treated with BAPN (Fig. 8 ). These data demonstrate that administration of BAPN affects the formation of murine kidney abscesses and the collagenization of abscess borders in an intravenous S. aureus infection model.
DISCUSSION
In this work, we demonstrate a HIF-1-dependent gene expression pattern upon S. aureus infection by using HIF-1 knockdown cells, showing that 24 genes (including LOX) were regulated in a HIF-1-dependent manner. Furthermore, we demonstrate that LOX transcription and expression are strongly induced during abscess formation due to S. aureus and upon S. aureus infection by using murine infection models and by analyzing samples of infected skin from human patients. Moreover, chemical inhibition of bacterially induced LOX by BAPN resulted in the formation of a more diffuse abscess phenotype and less collagen deposition at abscess borders, suggesting that LOX inhibition might influence the course of abscess formation in S. aureus infections.
The finding that cellular reactions to infections are similar to those known from hypoxia is a recent finding. In particular, the activation of HIF-1, which is known to be regulated in infections by hypoxia or hypoxia-mimicking conditions (8, 10) , is an exciting phenomenon, linking the scientific topic "infection and inflammation" to the area of "cancer research," where HIF-1-driven pathways have been objects of major interest for years (40) .
The role of HIF-1 in bacterial infections has been elucidated only partly so far. The activation of HIF-1 does not argue for a clear beneficial or detrimental effect on the course of infections. On the one hand, HIF-1 mediates phagocytosis and the elimination of bacteria in skin infection models, thereby preventing the spread of infection (13, 14) , and similarly, an intestinal HIF-1␣ deletion led to higher susceptibility of mice to intestinal yersiniosis (10) . On the other hand, HIF-1 promotes overwhelming immune responses in systemic infections, leading to higher survival rates for HIF-1␣ knockout mice than for wild-type mice in lipopolysaccharide (LPS)-induced sepsis (15) or for mice treated with a HIF-1 inhibitor in an S. aureus peritonitis model (8) .
In a previous study, we showed that S. aureus infection leads to HIF-1 activation, most likely mediated via oxygen consumption, suggesting inactivation of PHD activity (8) . Here, using HepG2 cells with a stable HIF-1␣ knockdown, we identified 24 genes regulated by HIF-1 upon S. aureus infection, including not only genes important for the maintenance of cell homeostasis and energy metabolism (e.g., HK2, PFKFB3, PFKFB4, PDK1) and oxygen supply (e.g., VEGF, PHD3) but also other genes with less clear functions (e.g., TET1, JMJD1A, BHLHB2, HIG2). This HIF-1-dependent reprogramming of infected host cells seems to be a robust process; VEGF expression in S. aureus infections, for example, has been described previously (8, 41) . Interestingly, two HIF-1 target genes found to be induced in S. aureus infections are VEGF and LOX. VEGF has long been known as a HIF-1 target gene crucial for promoting tumor angiogenesis (42) . Recently, LOX was also found to be regulated by HIF-1 and to contribute greatly to the progress of cancer by facilitating the metastasis of cancer cells in the organism (21) .
LOX is a key component in extracellular matrix remodelling and is also involved in the development of fibrotic diseases. LOX is required for the biosynthetic cross-linking of collagen and elastin molecules, a reaction leading to the formation of H 2 O 2 as a byproduct (43) . In mice, Lox knockout is lethal, since the development of the cardiovascular and respiratory system is severely affected (44) . Only very limited information is available regarding the role of LOX in infections. Enhanced Lox mRNA levels were detected in a murine schistosomiasis model (Schistosoma mansoni) during liver granuloma formation (26) , and increased LOX expression was also detected in the livers of mice infected with Echinococcus multilocularis (27) . Elevated LOX levels were also present in human septic periprosthetic membranes, which were found to be infected with organisms such as S. aureus (28) . Our data here are principally in line with these observations: we were able to detect an increase in LOX transcription and LOX expression in vitro using human cell lines, in vivo using murine infection models, and ex vivo using human infected-skin biopsy samples. From the studies cited above and our own results, it is apparent that LOX expression occurs in a variety of infections with humanpathogenic microorganisms. Moreover, LOX has been demonstrated to be a HIF-1 target gene (21) , and our own work has revealed that HIF-1 activation upon infection with S. aureus and other human pathogens appears to be a general phenomenon (8) . All these facts suggest that HIF-1-driven LOX activation might represent a conserved reaction of host cells in the course of various infections, although the biological function of LOX is not clear yet.
Our data represent the first results demonstrating a potential role of LOX in the course of an infection and were generated in a murine S. aureus infection model in the presence of BAPN, a wellknown covalent-binding inhibitor of LOX (35, 39) . Treatment of infected mice with BAPN influenced neither survival nor bacterial clearance from the kidneys or circulating blood relative to those for corresponding PBS-treated control groups. Interestingly, we NMRI mice were treated as described in the legend to Fig. 7 . Five days after infection, kidneys were excised, formalin fixed, and paraffin embedded, and sections were stained with Masson's trichrome stain. Note the clear blue lining (arrows) of abscess borders (dashed white lines) in the control group, indicating collagen, which is much less evident in BAPN-treated mice. Bar, 100 m.
observed two effects of BAPN treatment on abscess morphology on day 5 p.i.: first, BAPN-treated mice showed a more diffuse and less well defined abscess morphology than untreated control groups, and second, BAPN prevented dense collagen deposition at the abscess borders, which was detectable in kidneys from infected control mice.
Abscess formation is the most characteristic clinical manifestation of S. aureus infections. Abscesses are defined by a purulent liquefaction process whereby S. aureus is surrounded by a pseudocapsule, zones of healthy and necrotic neutrophils, and finally, an abscess membrane consisting of eosinophilic material, macrophages, and fibroblasts (17) (18) (19) . On the one hand, abscess formation is a hallmark of the attempt of the host to protect itself from S. aureus infections; an abscess is a local demarcation of infected and healthy tissue. On the other hand, such an abscess represents a niche for the pathogen, in which S. aureus can replicate shielded from the immune response of the host and antibiotic treatment (17) .
The exact role of LOX in abscess formation awaits further analysis. It can be assumed that LOX activation leads to enhanced demarcation and encapsulation of the infected tissue through a collagen-cross-linking process. In fact, collagen has been demonstrated previously to represent an essential compound of the abscess membrane (18) , and enhanced collagen deposition at the borders of abscesses was detectable in our infection model (analyzed by Masson's trichrome staining [ Fig. 8]) . Therefore, in addition to other mechanisms, enhanced LOX expression might be crucial for abscess formation. Furthermore, one could speculate that by the production of H 2 O 2 , which is generated during the oxidative deamination of substrates, LOX might enhance the migration and motility of fibroblasts and monocytes to the abscess border, since this has been demonstrated previously to occur in vitro (23, 24) . This process could contribute to the formation of a fully developed abscess membrane and to a well-defined abscess phenotype. Moreover, the modulation of abscess formation by LOX inhibition might be of therapeutic relevance, since the number of well-defined kidney abscesses upon BAPN treatment is lower than that in untreated controls. Under such conditions, S. aureus should not be shielded as efficiently against antibiotics, which do not reach therapeutic levels in the centers of abscesses.
Possibly, overwhelming LOX expression might complicate the course of the healing process, even when an infection has been cleared from the organism. It is known from a multitude of different fibrosis models that LOX plays a crucial role in the process of organ fibrosis characterized by high levels of collagen accumulation and subsequent replacement of tissue with extracellular matrix components (36, 43, 45) . Remarkably, a frequent complication of infections is "postinfectious organ fibrosis," which is best known from chronic infectious diseases (e.g., from viral hepatitis [46] and lung infections [47] ) and also from the Schistosoma and Echinococcus infection models published previously, in which LOX activation has been described (26, 27, 48) . Moreover, a linkage between the activation of HIF-1, LOX, and fibrosis has been described already: mice with HIF-1 knockout showed less kidney fibrosis in a ureter ligation model, and fibrosis was prevented when was BAPN administered (36) . Other evidence for this hypothesis comes from transgenic mice overexpressing HIF-1 in adipose tissue: these mice showed enhanced LOX levels and suffered from tissue fibrosis, the severity of which was reduced by BAPN treatment (49) .
Taken together, our data demonstrate that LOX is expressed in S. aureus infections. Our in vitro, ex vivo, and in vivo data point toward an important and formerly unrecognized role of LOX in the formation of abscesses due to S. aureus. LOX expression appears to be a HIF-1-regulated process, and HIF-1 and LOX might turn out to be attractive molecules potentially representing new therapeutic targets in bacterial infections and subsequent fibrotic complications.
